While it may be predictable that plasma norepinephrine (NE) concentration changes with efferent sympathetic nerve activity (SNA) in response to baroreceptor pressure inputs, an exact relationship between SNA and plasma NE concentration remains to be quantified in heart failure. We examined acute baroreflex-mediated changes in plasma NE and epinephrine (Epi) concentrations in normal control (NC) rats and rats with myocardial infarction (MI) (n = 6 each slope was approximately 4.5 times higher in the MI than in the NC group (P < 0.05). Intravenous administration of desipramine (1 mg kg À1 ) significantly increased plasma NE concentration but decreased plasma Epi concentration in both groups, suggesting that neuronal NE uptake had contributed to the reduction in plasma NE concentration. These results indicate that high levels of plasma catecholamine in MI rats were still under the influence of baroreflex-mediated changes in SNA, and may provide additional rationale for applying baroreflex activation therapy in patients with chronic heart failure.
Abstract
While it may be predictable that plasma norepinephrine (NE) concentration changes with efferent sympathetic nerve activity (SNA) in response to baroreceptor pressure inputs, an exact relationship between SNA and plasma NE concentration remains to be quantified in heart failure. We examined acute baroreflex-mediated changes in plasma NE and epinephrine (Epi) concentrations in normal control (NC) rats and rats with myocardial infarction (MI) (n = 6 each). Plasma NE concentration correlated linearly with SNA in the NC group (slope: 2.17 AE 0.26 pg mL À1 % À1 , intercept: 20.0 AE 18.2 pg mL À1 ) and also in the MI group (slope: 19.20 AE 6.45 pg mL À1 % À1 , intercept: À239.6 AE 200.0 pg mL À1 ). The slope was approximately nine times higher in the MI than in the NC group (P < 0.01). Plasma Epi concentration positively correlated with SNA in the NC group (slope: 1.65 AE 0.79 pg mL À1 % À1 , intercept: 115.0 AE 69.5 pg mL À1 ) and also in the MI group (slope: 7.74 AE 2.20 pg mL À1 % À1 , intercept: 24.7 AE 120.1 pg mL À1 ). The slope was approximately 4.5 times higher in the MI than in the NC group (P < 0.05). Intravenous administration of desipramine (1 mg kg À1 ) signifi-
Introduction
Norepinephrine (NE) is the most important neurotransmitter at sympathetic nerve terminals. Its action is terminated by the removal of NE from the synaptic cleft via neuronal and extraneuronal uptake mechanisms (Nicholls 1994; Eisenhofer et al. 1996; Shimizu et al. 2010) . A fraction of synaptic NE is diffused into the bloodstream and can be measured as plasma NE (Goldstein et al. 1983 ).
While it may be predictable that plasma NE concentration reflects efferent sympathetic nerve activity (SNA), an exact relationship of plasma NE concentration versus SNA during acute baroreflex-mediated changes remains to be elucidated. Since plasma NE concentration is not always measured simultaneously with SNA, knowledge about the types of relationship between the two quantities (e.g., linear or logarithmic) would help translating plasma NE concentration into SNA, and vice versa. Previous studies indicate that arterial pressure (AP) increases with logarithm of exogenously infused dose of NE (Kawada et al. 2014a or logarithm of plasma NE concentration during electrical stimulation of the spinal cord (Yamaguchi and Kopin 1980) . In contrast, AP changes nearly linearly with SNA during acute baroreflex-mediated changes Kawada and Sugimachi 2016) . If these results are put together, plasma NE concentration expressed in a logarithmic scale, rather than a normal scale, should linearly correlate with SNA. Contrary to this prediction, our previous study revealed an approximately positive linear relationship of endogenous plasma NE concentration expressed in a normal scale versus SNA during acute baroreflex-mediated changes (Kawada et al. 2014a) . It remains unanswered whether the positive linear relationship between SNA and plasma NE concentration is also applicable to a diseased condition of excess sympathoexcitation, as observed in chronic heart failure. Since plasma NE concentration can increase several times higher in patients with heart failure than without (Viquerat et al. 1985) , it is possible that plasma NE concentration can no longer change linearly with SNA due to a saturation phenomenon. Another factor that needs to be considered is neuronal NE uptake. An impairment of neuronal NE uptake can increase the diffusion of NE from the synaptic cleft into the bloodstream and change the relationship of plasma NE concentration versus SNA (Kawada et al. 2014a) . Decreased efficiency of neuronal NE uptake contributes to increased cardiac adrenergic drive in patients with congestive heart failure (Eisenhofer et al. 1996) . Furthermore, a neuronal NE uptake transporter can reverse its action under myocardial ischemia, leading to nonexocytotic NE release that is independent of SNA (Sch€ omig et al. 1987; Kawada et al. 2000; Akiyama and Yamazaki 2001) . While changes in neuronal NE uptake may primarily occur in the cardiac sympathetic nerve, dysfunction of neuronal NE uptake has been also reported in small arteries obtained by gluteal biopsies in patients with chronic heart failure (Hillier et al. 1999) , suggesting a possible impairment of neuronal NE uptake in systemic vasculature. Accordingly, the first purpose of this study was to investigate the relationship between SNA and plasma NE concentration during acute baroreflex-mediated changes in a chronic rat model of myocardial infarction (MI). For comparison, changes in plasma epinephrine (Epi) concentration were also analyzed. The second purpose was to examine the effect of neuronal NE uptake blockade on plasma NE concentration in MI rats. We hypothesized that, if neuronal NE uptake is already impaired in systemic vasculature of MI rats, then blocking the neuronal NE uptake would little affect plasma NE concentration.
Materials and Methods
Animal care was provided in strict accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences, approved by the Physiological Society of Japan. All protocols were reviewed and approved by the Animal Subject Committee of the National Cerebral and Cardiovascular Center.
Surgical preparation
Male Sprague-Dawley rats were divided into normal control (NC) and MI groups. In the MI group, the left coronary artery was ligated under halothane anesthesia at the age of 8 weeks according to a previously established procedure in our laboratory (Li et al. 2004 (Li et al. , 2014 Kawada et al. 2010 Kawada et al. , 2014b Kawada et al. , 2015 . Butorphanol tartrate was given intramuscularly at the end of the surgery to provide analgesia. In order to make the situation of the MI rat comparable to our previous study (Li et al. 2004 ), we implanted a dummy transmitter intraperitoneally 1 week following the coronary artery ligation under halothane anesthesia (Kawada et al. 2014b) . About 8-9 weeks after MI, the surviving rats underwent an acute baroreflex experiment as described below (n = 6), and the results were compared with the NC rats without sham surgery (n = 6). One rat that underwent the left coronary ligation, did not develop significant biventricular remodeling, and was included in neither the MI nor the NC group. Information on this rat is provided in the limitation section for discussion on possible long-term effects of past surgery.
The acute baroreflex experiment was conducted similarly to our previous study (Kawada et al. 2014a) . Briefly, the rat was anesthetized with an intraperitoneal injection (2 mL kg À1 ) of a mixture of urethane (250 mg mL À1 ) and a-chloralose (40 mg mL À1 ). Artificial ventilation with oxygen-supplied room air was performed through a tracheal tube. A maintenance dose of the anesthetics (the anesthetic mixture diluted to one-eighteenth concentration with saline, 2 mL kg À1 h À1 ) was administered through a catheter inserted into the right femoral vein. Another venous catheter was inserted into the left femoral vein and advanced into the inferior vena cava to measure central venous pressure. An arterial catheter was inserted into the right femoral artery to measure AP and heart rate. Another arterial catheter was inserted into the left common carotid artery and advanced into the aorta to obtain arterial blood samples. Through a left flank incision, SNA was recorded from a postganglionic branch of the splanchnic sympathetic nerve. A biosignal amplifier (AB-610J, Nohon Kohden, Japan) amplified the raw signal by 200,000 times (1 V/5 lV) with a bandpass filter between 150 and 1000 Hz. The signal was then full-wave rectified and low-pass filtered with a cut off frequency of 30 Hz by use of analog circuits. The aortic depressor nerves and the vagal nerves were sectioned to minimize confounding reflex effects from aortic baroreceptors and cardiopulmonary receptors. Bilateral carotid sinus regions were isolated (Shoukas et al. 1991; Sato et al. 1999 ) to control carotid sinus pressure (CSP). Heparin sodium (100 U kg À1 ) was given intravenously to prevent blood coagulation. After completing the above surgery, a 60-min stabilization period was allowed before data acquisition.
Protocol
Carotid sinus pressure was first decreased to 60 mmHg for 4 min, and then increased to 100, 120, 140, and 180 mmHg in a staircase manner. The step duration was 120 sec, and at the 100th sec of each step, arterial blood (0.2 mL) was collected in a sample tube in exchange of an equivalent volume of heparinized saline (Kawada et al. 2014a) . To avoid contamination of the blood within the catheter, an initial 0.2 mL blood was withdrawn into a temporary syringe prefilled with 0.2 mL heparinized saline, the following 0.2 mL blood was taken into a collecting syringe, and then the initial blood, admixed with heparinized saline, was returned into the artery. A new collecting syringe was used for each sampling. The blood samples were immediately iced at 4°C for later plasma catecholamine measurements. After collecting data under the control condition, a neuronal NE uptake blocker desipramine (1 mg kg À1 , bolus) was administered intravenously. Twelve minutes later, the staircase-wise CSP input was repeated and the blood samples were collected (Kawada et al. 2014a) . At the end of the experiment, a ganglionic blocker hexamethonium bromide was intravenously administered (60 mg kg À1 , bolus) to silence SNA, which enabled confirmation that the nerve fibers we were recording were mostly postganglionic.
Data analysis
Blood samples were centrifuged and measured for plasma NE and Epi concentrations using a high-performance liquid chromatography system (Eicom, Kyoto, Japan) via an alumina adsorption procedure (Kawada et al. 1998 ).
Carotid sinus pressure, SNA, and AP were recorded at 1000 Hz using a 16 bit analog-to-digital converter (AD16-16(PCI)EV, Contec, Japan). The sampling program was custom made. Mean values of SNA and AP corresponding to the five CSP levels were calculated by averaging respective signals from the 90th to 100th sec of each step immediately before the arterial blood sampling. In each animal, the SNA value measured after ganglionic blockade was assigned to 0%. The SNA value obtained at the CSP of 60 mmHg under the control condition before desipramine was assigned to 100%. The same normalization factor was applied to describe SNA after desipramine.
A coefficient of variation (CV), which is the ratio of the standard deviation to the mean, was calculated at each CSP level to describe the distribution of the catecholamine data among animals. The relationship between SNA and AP and that between SNA and the absolute value of plasma catecholamine concentration were quantified using linear regression (y ¼ b 0 þ b 1 Â x), where b 0 and b 1 represent the intercept and slope, respectively. A coefficient of determination (r 2 ) was calculated to quantify the linear association between the two variables.
Statistical analysis
Data are presented as mean AE standard error (SE) values except where otherwise stated. Body weight, biventricular weight, and baseline hemodynamics were compared between the NC and MI groups using unpaired t-tests. Changes in absolute values of NE and Epi concentrations in response to an increase in CSP under the baseline condition were examined by a one-way repeated-measures analysis of variance (ANOVA) followed by Dunnett's test (Glantz 2002) . Overall effects of desipramine on SNA, absolute values of plasma catecholamine concentrations, and AP were examined in each group using a two-way repeated-measures ANOVA (the two factors were desipramine and the CSP level). The differences in the intercept and slope of linear regression were examined using the bootstrap method, which does not assume normal distribution to test the difference of a given statistical quantity (Efron and Tibshirani 1994) . In all of the statistical analyses, the difference was considered to be significant when P < 0.05. For regression parameters, the Bonferroni correction with a factor of 3 was applied taking into account the nature of multiple comparisons (i.e., the comparison between the NC and MI groups under the baseline condition without desipramine, the comparison before and after desipramine within the NC group, and the comparison before and after desipramine within the MI group); hence, the original P-values less than 0.01/3 and 0.05/3 are reported as P < 0.01 and P < 0.05, respectively. 
Results
In the MI group, most of the left ventricular free wall turned into thin scar tissue, which was identified by postmortem macroscopic inspection ( Fig. 1) . Table 1 summarizes age, body weight, biventricular weight, and baseline hemodynamics measured under anesthesia and artificial ventilation but before isolating carotid sinus regions. Age at the time of experiment was not significantly different between the NC and MI groups, but body weight was significantly lower in the MI group. Biventricular weight was heavier in the MI than in the NC group, in both the absolute value and the value normalized to body weight. Central venous pressure tended to be higher in the MI compared with the NC group. Baseline mean AP did not differ significantly between the two groups, and baseline heart rate tended to be lower in the MI than in the NC group. Typical time series obtained from NC and MI rats are shown in Figure 2 . The gray and black lines in the AP panels represent 1000 Hz sampled data and 2 sec moving averaged signals, respectively. The down arrowheads in the AP panels indicate the timings of blood sampling. The gray and black lines in the SNA panels represent 10 Hz resampled data and 2 sec moving averaged signals, respectively. In both rats, an increase in CSP decreased AP and SNA. The magnitude of AP response was smaller in the MI than in the NC rat. The minimum percent SNA observed during the staircase-wise CSP input was higher in the MI than in the NC rat, indicating an impairment of baroreflex-mediated SNA suppression. In both rats, burst activities in SNA disappeared after the administration of hexamethonium (C6) at the end of the experiment. Figure 3 illustrates plasma catecholamine concentrations in individual animals (small dots) and their mean AE SE values measured at each CSP level obtained in the NC (Fig. 3A and C) and MI ( Fig. 3B and D) groups. Within each group, the dots in the same color represent data obtained from the same animal. For plasma NE concentrations in the NC group (Fig. 3A) , the ordinate of the left panel is magnified 10 times than that of the right panel. Plasma NE concentrations in the NC group (Fig. 3A) decreased as the CSP increased. Plasma NE concentrations in the MI group (Fig. 3B) were much higher and showed larger variance than those in the NC group, yielding a higher CV in the MI (0.87-1.06) than in the NC (0.15-0.33) group. Nonetheless, the plasma NE concentrations in the MI group also decreased as the CSP increased.
For plasma Epi concentrations in the NC group ( Fig. 3C ), the ordinate of the left panel is magnified twice than that of the right panel. Plasma Epi concentrations in the NC group (Fig. 3C ) were more variable than plasma NE concentrations, showing the CV ranging from 0.74 to 1.03. While the response to an increase in CSP was not obvious in some animals, the mean Epi concentration at the CSP of 180 mmHg was significantly lower than that at the CSP of 60 mmHg in the NC group. Plasma Epi concentrations in the MI group (Fig. 3D) showed the CV ranging from 0.67 to 0.93. While the mean levels of Epi in the MI group were 2-3 times higher than those in the NC group, individual plasma Epi concentrations in some MI rats overlapped with the range of plasma Epi concentrations in the NC group. Plasma Epi concentration at the CSP of 140 mmHg was significantly lower than that at the CSP of 60 mmHg in the MI group. The relationship between SNA and AP was approximately linear with a positive slope in both the NC ( Figure 4A for comparison. The intercept was significantly higher (P < 0.01) and the slope was significantly lower (P < 0.05) in the MI group compared with the NC group.
The relationship between SNA and plasma NE concentration was approximately linear with a positive slope in individual animals for both the NC (Fig. 5A , left) and MI (Fig. 5B, left) groups. Group-wise analyses also indicate that the slope was significantly different from zero in both groups (Fig. 5A, right and B, right), and was approximately nine times higher (P < 0.01) in the MI group compared with the NC group.
In the NC group, the slope of the relationship between SNA and plasma Epi concentration was significantly different from zero in three rats (Fig. 5C , left, solid lines) but not in the remaining three rats (Fig. 5C , left, broken lines). When the data from the six rats were analyzed together, the slope was significantly different from zero (Fig. 5C, right) . In the MI group, the slope of the relationship between SNA and plasma Epi concentration was significantly different from zero in three rats (Fig. 5D , left, solid lines) but not in the remaining three rats (Fig. 5D , left, broken lines). When the data from the six rats were analyzed together, the slope was significantly different from zero (Fig. 5D, right) . Group-wise analyses indicate that the slope was approximately 4.5 times higher (P < 0.05) in the MI than in the NC group. Two-way repeated-measures ANOVA within the NC group indicated that desipramine reduced SNA, increased NE, and decreased Epi (Table 2) . Desipramine did not significantly affect AP. The effects of CSP on SNA, NE, Epi, and AP were all statistically significant, and there were no interaction effects between desipramine and the CSP level. Shown in Figure 6A are regression lines between SNA and plasma NE concentration before (green line) and after (dark green line) desipramine in the NC group. Desipramine did not change the intercept significantly (from 20.0 AE 18.2 to 105.0 AE 66.1 pg mL À1 ) but increased the slope (from 2.17 AE 0.26 to 7.30 AE 2.04 pg mL À1 %
À1
, P < 0.01). Figure 6C shows regression lines between SNA and plasma Epi concentration before (green line) and after (dark green line) desipramine in the NC group. Desipramine did not affect the intercept significantly (from 115.0 AE 69.5 to 53.8 AE 80.7 pg mL À1 ) but increased the slope (from 1.65 AE 0.79 to 3.28 AE 1.74 pg mL À1 %
, P < 0.05). One animal in the MI group died during the desipramine protocol, and the following analyses were performed on the remaining five animals. Two-way repeated-measures ANOVA within the MI group indicated that desipramine reduced SNA, increased NE, and decreased Epi (Table 3) . Desipramine did not significantly affect AP. The effects of CSP were statistically significant on SNA, NE, and AP but not on Epi. There were no interaction effects between desipramine and the CSP level. Figure 6B shows regression lines between SNA and plasma NE concentration before (purple line) and after (dark purple line) desipramine in the MI group. Desipramine did not change the slope significantly (from 14.94 AE 5.80 to 15.69 AE 6.60 pg mL À1 % À1 )
but increased the intercept (from À302.0 AE 202.7 to 445.1 AE 270.2 pg mL À1 , P < 0.01). Figure 6D shows regression lines between SNA and plasma Epi concentration in the MI group. While the regression lines drawn over the mean parameter values appeared to be different, the effects of desipramine on the intercept (from À55.9 AE 112.8 to 168.2 AE 155.8 pg mL À1 ) and slope (from 7.90 AE 2.59 to 1.43 AE 1.75 pg mL À1 % À1 ) were not statistically significant. In the MI group, the slope of the regression line was significantly different from zero before desipramine (depicted in solid lines) but not after desipramine (depicted in broken lines) for both plasma NE and Epi concentrations. 
Discussion
We have shown that the relationship between SNA and plasma NE concentration during acute baroreflexmediated changes was approximately linear with a positive slope for both NC and MI groups. The slope of the regression line was much higher in the MI than in the NC group. Plasma Epi concentration also positively correlated with SNA by group-wise analyses, but half of the animals in each group did not show significant regression (i.e., the slope of the regression line was not significantly different from zero). Neuronal NE uptake blockade by intravenous desipramine reduced SNA, increased plasma NE concentration, and decreased plasma Epi concentration in both the NC and MI groups.
A chronic rat model of MI
It may be pertinent to briefly discuss the chronic rat model of MI used in this study. A previous study indicates that left ventricular weight relative to body weight decreases after a left coronary occlusion in the phase of scar formation, and recovered to the preocclusion value by 106 days after MI due to compensatory hypertrophy of remaining myocardium (Pfeffer et al. 1991) . On the other hand, right ventricular weight relative to body weight increases by 106 days after MI only in rats with large MI (Pfeffer et al. 1991) . As a result, biventricular weight relative to body weight significantly increases only in rats with large MI. We have also learned from our past studies that normalized biventricular weight significantly increases only in rats with large MI (Li et al. 2004 (Li et al. , 2014 . In this study, all rats in the MI group showed normalized biventricular weight greater than 2.5 g kg À1 by postmortem examination, as this value was used as a criterion for the successful creation of large MI. Our previous study has indicated that left ventricular function is significantly depressed in rats that underwent a similar left coronary occlusion procedure by the same operator (M.L.) (Li et al. 2004 ). Baseline AP was not lower in the MI than in the NC group in this study ( Table 1 ), suggesting that the circulation was still compensated by sympathoexcitation and possible fluid retention. A canine model of pacinginduced heart failure also indicates that mean AP can be maintained even when cardiac output is significantly decreased (Wang et al. 1990 ). Artificial ventilation with oxygenated room air during baseline hemodynamic measurements might have also contributed to the maintenance of AP in the MI group.
Relationships between SNA and AP
We have used the term "peripheral arc" to refer to the input-output relationship between SNA and AP obtained by open-loop analysis of the arterial baroreflex system (Ikeda et al. 1996; Kawada and Sugimachi 2016) . The peripheral arc showed approximately positive linear relationship in both the NC and MI groups, but the slope was significantly lower in the MI than in the NC group (Fig. 4) . The underlying mechanisms for the reduced slope of the peripheral arc in a chronic model of MI have been discussed in detail previously (Kawada et al. , 2014b . A potential pitfall in interpreting the peripheral arc is that the slope can depend on how SNA is expressed. If SNA is expressed in absolute amplitude or frequency, rather than percentage in each animal, the maximum SNA is likely to be higher in the MI than in the NC group. This means that the slope of the peripheral arc could be much lower in the MI group relative to the NC group if SNA is expressed in absolute units ). The same is true for the comparison of the slope in the SNA-NE relationship between the NC and MI groups. In the following section, a possibility is discussed as to calibrating SNA between the NC and MI groups by taking advantage of the linearity of the relationship between SNA and endogenous plasma NE concentration, though there is also room for argument about to what extent plasma NE concentration accurately reflects the magnitude of SNA to end organs.
Relationship between SNA and plasma NE concentration
Our previous study has demonstrated that plasma NE concentration changes almost linearly with SNA during a staircase-wise CSP input in Wistar-Kyoto rats (Kawada et al. 2014a ). As we have abundant experience and data regarding a chronic model of MI in Sprague-Dawley rats (Li et al. 2004 (Li et al. , 2014 Kawada et al. 2010 Kawada et al. , 2014b Kawada et al. , 2015 , we thought it was necessary to provide control data in Sprague-Dawley rats rather than Wistar-Kyoto rats. We confirmed that the SNA-NE relationship was approximately linear with a positive slope in the NC group using Sprague-Dawley rats (Fig. 5A) . The slope was higher than that obtained previously in Wistar-Kyoto rats (0.957 AE 0.090 pg mL À1 % À1 ) (Kawada et al. 2014a ), further suggesting a difference in the baroreflex-mediated Values are means AE SE, n = 6. P-value was calculated by two-way repeated measures analysis of variance. One factor is DMI (two levels) and the other factor is CSP (five levels). CSP sympathetic control between the two normotensive strains of rats (Turner et al. 2015b ). This study extended our previous findings in that the positive correlation between SNA and plasma NE concentration was also observed in the MI group despite the large interindividual variance of plasma NE concentration (Fig. 5B) . Since plasma NE concentration is measured in absolute units (pg mL À1 ), the approximate linear relationship may allow us to calibrate SNA by endogenous plasma NE concentration for comparison between the NC and MI groups. It should be kept in mind, however, that plasma NE concentrations have several shortcomings that limit their utility in assessing the magnitude of SNA to end organs (Floras 2003) . Plasma NE concentration depends not only on the release of NE but also on the factors for NE removal that operate between the synapse and the circulation (Goldstein et al. 1983 ). Hence, a high plasma NE level does not necessarily indicate a high level of SNA to end organs (Goldstein et al. 2003) .
Effects of neuronal NE uptake blockade
While an increased sympathetic outflow from the central nervous system most likely contributed to the high levels of plasma NE concentration in chronic heart failure, peripheral modulation of NE release and disposition can occur in diseased conditions via several mechanisms: some of which are related to neuronal NE uptake as discussed below. When NE is released via nonexocytotic mechanism in ischemic myocardium, myocardial interstitial NE concentration can increase more than 100 times the baseline level independent of SNA (Kawada et al. 2000; Akiyama and Yamazaki 2001) . In contrast, the present results indicate that the high levels of plasma NE in the MI group were still under the influence of SNA (even in the individual with the highest plasma NE concentration, Fig. 5B , blue), which may not be consistent with the SNA-independent nonexocytotic release mechanism. The nonexocytotic release is mediated by reverse transport via the neuronal NE uptake transporter. Hence, neuronal NE Regression lines between SNA and plasma epinephrine (Epi) concentration obtained before (green and purple lines) and after (dark green and dark purple lines) desipramine in the NC and MI groups, respectively. The regression line is depicted in solid line when the slope is significantly different from zero (P < 0.05) and in broken line when the slope is not significantly different from zero. Data points are mean AE SE. The baseline data in the NC group are the same as those presented in Figure 5A and C. The baseline data in the MI group are different from those presented in Figure 5B and D because of the decreased number of analyzed animals from 6 to 5 for pairwise comparison of the effects of desipramine (see main text for details). uptake blockade by desipramine reduces the nonexocytotic NE release (Sch€ omig et al. 1987; Akiyama and Yamazaki 2001) . In contrast, desipramine did not reduce but rather increased plasma NE concentration in the MI group (Fig. 6B) , which also suggests that the nonexocytotic NE release did not play a significant role in producing the high levels of plasma NE in this group.
Since a large part of NE released into the synaptic cleft is removed by neuronal NE uptake mechanism, the impairment of neuronal NE uptake increases the level of NE at the synaptic cleft, and resultantly increases the diffusion of NE into the bloodstream. The slope of the regression line between SNA and plasma NE concentration became steeper after neuronal NE uptake blockade by desipramine in the NC group (Fig. 6A) , which is in agreement with our previous result in Wistar-Kyoto rats (Kawada et al. 2014a) . Neuronal NE uptake is driven by energy drawn from the sodium gradient across the plasma membrane (Schwartz 2000) , which is maintained by sodium extrusion through Na + , K + -ATPase. The Na + , K + -ATPase activity may be reduced in heart failure (Despa and Bers 2013) , leading to dysfunction of the neuronal NE uptake mechanism. Actually, decreased efficiency of cardiac neuronal NE uptake has been reported in patients with congestive heart failure (Eisenhofer et al. 1996) . Abnormality in neuronal NE uptake is also observed in small arteries obtained by gluteal biopsies in patients with chronic heart failure, where neuronal NE uptake blockade by cocaine does not affect NE-induced vasoconstriction in these vessels (Hillier et al. 1999) . If the impairment of neuronal NE uptake serves as the chief mechanism for an increased plasma NE concentration in the MI group, neuronal NE uptake blockade may not further affect plasma NE concentration as in the case with the biopsied small arteries. Contrary to this hypothesis, desipramine increased plasma NE concentration in the MI group (Fig. 6B) . Therefore, it is likely that neuronal NE uptake at the sympathetic nerve terminals throughout the body, except for possibly at the cardiac sympathetic nerve, had been operating effectively before desipramine administration, which limited the diffusion of NE into the bloodstream. In contrast to the NC group, the intercept rather than the slope was changed by desipramine in the MI group. Whether this change has specific pathological meaning remains inconclusive due to the large variance of plasma NE concentration in the MI group.
Aside from neuronal NE uptake, other peripheral mechanisms could cause a disproportional increase in plasma NE concentration relative to SNA. Angiotensin II, which is known to be elevated in chronic heart failure, can affect ganglionic transmission (Ma et al. 2004 ) and facilitate NE release from sympathetic nerve terminals (Reid 1992 ). An increased level of plasma Epi can act on Table 3 . Effects of desipramine (DMI) and carotid sinus pressure (CSP) on sympathetic nerve activity (SNA), plasma norepinephrine (NE) and epinephrine (Epi) concentrations, and arterial pressure (AP) in the myocardial infarction group. Values are means AE SE, n = 5. P-value was calculated by two-way repeated measures analysis of variance. One factor is DMI (two levels) and the other factor is CSP (five levels). CSP presynaptic b 2 -adrenergic receptors and potentiate NE release from sympathetic nerve terminals (Majewski et al. 1981; Floras 1992) . Furthermore, the autoinhibition of NE release via presynaptic a 2 -adrenergic receptors is impaired in heart failure (Aggarwal et al. 2001) . The effects of such peripheral modulations need to be taken into consideration if we use plasma NE concentration as a surrogate for SNA.
Relationship between SNA and plasma Epi concentration
In this study, blood samples were taken from the aorta, and thus, catecholamines came from both the adrenal gland and from neurotransmitter spillover from all organs including systemic vasculature. Plasma Epi is not detectable after bilateral adrenalectomy (P eronnet et al. 1994) , indicating that the primary source of plasma Epi is the adrenal gland. On the other hand, bilateral adrenalectomy does not affect basal plasma NE concentration (P eronnet et al. 1994) , suggesting that only a small amount of plasma NE comes from the adrenal gland under resting conditions (Goldstein et al. 2003) . Epinephrine is different from NE in that it is directly released into the bloodstream from the adrenal medulla (Goldstein et al. 2003) . While plasma Epi concentration is positively correlated with SNA by group-wise analyses (Fig. 5C, right) , some rats did not show significant regression (Fig. 5C, left) , suggesting that plasma NE concentration may reflect SNA better than plasma Epi concentration. Since we recorded SNA from a postganglionic branch of the splanchnic nerve, it may not conform to the preganglionic activity directed to the adrenal gland. When preganglionic discharge is assessed by the dialysate acetylcholine levels in the adrenal medulla, dialysate Epi concentration positively correlates with the dialysate acetylcholine concentration (Akiyama et al. 2004) . Dissociation between plasma Epi and NE concentrations occurs depending on different types of stressors (Goldstein et al. 1983; Young et al. 1984; Kvet nansk y et al. 1998) . The slope of the relationship between SNA and plasma Epi concentration was higher in the MI than in the NC group by group-wise analyses. Possible dysfunction of neuronal NE uptake does not account for the increased Epi concentration in the MI group because Epi is a poorer substrate than NE for the neuronal NE uptake transporter (Goldstein et al. 2003) . Intravenous desipramine acts centrally to reduce SNA (Svensson and Usdin 1978; Eisenhofer et al. 1991; Kawada et al. 2004) . After desipramine, plasma Epi concentration decreased along with SNA, whereas plasma NE concentration increased, confirming that Epi is a poorer substrate than NE for the neuronal NE uptake transporter.
Relationship between CSP and SNA
While an increase in CSP generally reduced SNA, there was a paradoxical increase in SNA when CSP was stepped from 60 to 100 mmHg in the NC rat ( Fig. 2A) . This change conformed to the change in the plasma NE concentration in the NC group (Fig. 3A) . The phenomenon can be partly explained by the fact that the relationship between baroreceptor activity and input pressure is not monotonous near the threshold input pressure (Bolter et al. 2011) . A similar phenomenon has been also observed during a staircase-wise CSP input in WistarKyoto rats and spontaneously hypertensive rats , and is more exaggerated in spontaneously hypertensive rats.
In the MI group, SNA and plasma catecholamine concentrations were not necessarily lower at a CSP of 180 mmHg than at a CSP of 140 mmHg (Fig. 2B , Tables 3). While it was not mentioned, a similar phenomenon can be observed in our previous study using rats survived 100-200 days after MI (Fig. 4a in reference Kawada et al. 2010) . The sustained suppression of SNA at high CSP levels is mediated by unmyelinated C-fibers in baroreceptor afferents (Turner et al. 2015a,b) . Aside from general sympathetic activation due to central mechanism (Liu and Zucker 1999; Leenen 2007) , we speculate that systemic inflammation associated with chronic heart failure may damage C-fibers relative to A-fibers, impairing the baroreflex-mediated SNA suppression at high CSP levels.
In our previous studies, the CSP-SNA relationship was quantified using four-parameter logistic function (Kent et al. 1972 ) based on data obtained at seven different CSP levels (Kawada et al. , 2014b , which revealed a reduction in the response range of SNA (i.e., the difference between the maximum and minimum SNA during the staircase-wise CSP input) in MI rats. In this study, however, we did not quantify the CSP-SNA relationship in detail because the number of data points (five different CSP levels) may not be sufficient to estimate the four parameters with reasonable accuracy.
Clinical implication
Chronic heart failure is partly characterized by autonomic abnormality: excess sympathetic activation and vagal withdrawal. While high sympathetic tone may be necessary to maintain blood perfusion to end organs during the acute phase of heart failure, sustained sympathetic excitation exerts a significant burden on the failing heart and aggravates the disease condition. To suppress excess sympathetic effects, pharmacological agents such as b-blockers (Foody et al. 2002) enzyme inhibitors (Flather et al. 2000) , and angiotensin II receptor blockers (Pitt et al. 2000) , are used for therapy of heart failure. Nevertheless, the mortality rate of chronic heart failure remains high, and additional therapeutic strategies need to be developed (Li et al. 2004 (Li et al. , 2014 . The arterial baroreflex system is one of the most important and powerful negative feedback systems that regulates AP via control of SNA. While the long-term ability of the arterial baroreflex to control a mean level of AP has been somewhat disregarded (Cowley et al. 1973) , recent studies indicate an involvement of the arterial baroreflex in longterm AP regulation (Thrasher 2002; Lohmeier et al. 2010) . Based on such results, investigators have regained interest in baroreflex activation therapy (BAT), which is being explored for the treatment of drug-resistant hypertension (Bakris et al. 2012; Victor 2015) . BAT is also being examined as a possible treatment for patients with chronic heart failure (Abraham et al. 2015) . In this study, plasma NE concentration was reduced, by a considerable degree, by activating the carotid sinus baroreflex in the MI group (Fig. 3B ), despite a high baseline level of plasma NE. While carotid sinus baroreflex function is depressed in heart failure (White 1981; Wang et al. 1990; Kawada et al. 2010) and the effects of BAT may be interrupted to a certain extent via sympathoexcitatory mechanisms within the central nervous system (Liu and Zucker 1999; Leenen 2007 ), the present results may provide additional rationale for the sympathetic suppression via the activation of the arterial baroreflex in chronic heart failure.
Limitations
First, since it is not determined to what extent the anesthesia affected plasma catecholamine concentrations, the results need to be carefully interpreted when extrapolating them to understand sympathetic cardiovascular regulation under conscious conditions. Furthermore, since anesthetized animals were artificially ventilated and we waited for at least 60 min after finishing surgical preparation to reduce surgical effects, respiratory insufficiency in the MI group might have been, in a sense, treated during this stabilization period. Second, we were not able to assess the regional differences in SNA in producing changes in plasma NE (Goldstein et al. 1983 ) because we only measured SNA from a postganglionic branch of the splanchnic sympathetic nerve. A relatively high r 2 value in the relationship between SNA and plasma NE concentration, however, indicates that splanchnic SNA may convey a signal common to the systemic sympathetic system as well as a regional activity. Third, the vagi were sectioned to obtain an open-loop condition for the carotid sinus baroreflex. Hence, any autonomic abnormality associated with the vagal system, with respect to both the afferent and efferent pathways, was not evaluated in this study. Fourth, since we did not perform sham operation in the NC group, the effect of surgery cannot be ruled out in interpreting the data in the MI group. Regarding this limitation, one rat which underwent a left coronary occlusion did not develop significant biventricular remodeling (body weight = 496 g and normalized biventricular weight = 2.27 g kg À1 ) and was excluded from the study.
The rat showed near normal values of baseline hemodynamics (central venous pressure = 2.03 mmHg, AP = 126.6 mmHg, and HR = 427.7 beats per min) and did not show elevated plasma NE concentration (the maximum plasma NE concentration was 139.6 pg mL À1 at a CSP of 60 mmHg). Hence, we think the elevation of plasma NE concentration observed in the MI group is primarily attributable to the creation of large MI and not to the prolonged effect of past surgery.
Conclusion
There was an approximately positive linear relationship between SNA and plasma NE concentration in the MI group despite the high levels of plasma NE. While high levels of plasma NE do not necessarily reflect the severity of heart failure (Viquerat et al. 1985) or indicate an increased SNA to end organs (Floras 2003; Goldstein et al. 2003) , they may be able to reflect changes in SNA during acute baroreflex-mediated changes within individual subjects. The positive correlation between SNA and plasma catecholamine levels in the MI group may provide additional rationale for applying BAT in patients with chronic heart failure.
